Background-Obesity causes hypertension and sympathoactivation, a process proposed to be mediated by leptin. Protein tyrosine phosphatase 1B (PTP1B), a major new pharmaceutical target in the treatment of obesity and type II diabetes mellitus, constrains the metabolic actions of leptin, but the extent to which PTP1B regulates its cardiovascular effects is unclear. This study examined the hypothesis that PTP1B is a negative regulator of the cardiovascular effects of leptin. Methods and Results-PTP1B knockout mice had lower body fat but higher mean arterial pressure (116Ϯ5 versus 105Ϯ5 mm Hg, PϽ0.05) than controls. Leptin infusion produced a greater anorexic effect in PTP1B knockout mice and a marked increase in mean arterial pressure (135Ϯ5 mm Hg) in PTP1B knockout mice only. The decrease in mean arterial pressure in response to ganglionic blockade was higher in PTP1B knockout mice (Ϫ38Ϯ3% versus Ϫ29Ϯ3%, PϽ0.05), which suggests increased sympathetic tone. PTP1B deletion blunted mean arterial pressure responses to phenylephrine injection (55Ϯ10% versus 93Ϯ7%, PϽ0.05). Phenylephrine-induced aortic contraction was reduced in PTP1B knockout mice (57.7Ϯ9% versus 96.3Ϯ12% of KCl, PϽ0.05), consistent with desensitization to chronically elevated sympathetic tone. Furthermore, PTP1B deletion significantly reduced gene expression of 3 ␣ 1 -adrenergic receptor subtypes, consistent with blunted constriction to phenylephrine. Conclusions-These data indicate that PTP1B is a key regulator of the cardiovascular effects of leptin and that reduced vascular adrenergic reactivity provides a compensatory limit to the effects of leptin on mean arterial pressure. (Circulation. 2009;120: 753-763.)
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Leptin, an adipocyte-derived hormone, is increased in most forms of obesity. 4 This hormone communicates to the central nervous system the availability of energy stores, restrains food intake, and induces energy expenditure. 5 Besides its effects on appetite and metabolism, leptin binding its receptor (OB-Rb) acts in the hypothalamus to increase blood pressure through activation of the sympathetic nervous system 6, 7 via Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathways. Activated receptors induce the transphosphorylation of JAKs, and the phosphorylation of tyrosine residues on the leptin receptor, specifically Tyr1138, facilitates the binding of STAT proteins. Among the regulators of this signaling pathway is the protein tyrosine phosphatase 1B (PTP1B). PTP1B controls this pathway by dephosphorylation of JAK2. 8 Cheng et al 9 and Zabolotny et al 10 reported that genetic deletion of PTP1B increases leptin sensitivity, protecting mice against the development of obesity and type II diabetes mellitus.
In addition to its metabolic actions, leptin is involved in the control of cardiovascular function via regulation of sympathetic tone. 7, 11, 12 The molecular mechanisms underlying the regulation of cardiovascular function by leptin are largely undetermined. Moreover, how the vasculature responds to chronic activation of leptin signaling is unknown. The availability of lean mice that harbor a genetic deletion of PTP1B allows the examination of the actions of leptin on cardiovascular function without the confounding components of obesity. These mice were used to examine the hypothesis of the present study that PTP1B is a specific negative regulator of the actions of leptin in the cardiovascular system. To test this hypothesis, the regulation of blood pressure and vascular function in mice that harbored a genetic deletion of PTP1B was examined. Taken together, these studies critically test the circumstances under which leptin activation is a potential mechanism for hypertension.
Methods

Animals
PTP1B null mice were generated on a Balb/c background at Goodman Cancer Center of McGill University. 9, 13 Balb/c mice, used as a control group, were purchased from the Jackson Laboratory (Bar Harbor, Me). All animals were fed standard mouse chow, and tap water was provided ad libitum. Mice were housed in an American Association of Laboratory Animal Care-approved animal care facility at the Medical College of Georgia, and the Institutional Animal Care and Use Committee approved all protocols.
Metabolic Measurements
Fasting blood glucose was assessed with a glucometer (Precision XL, Abbot Laboratories, Alameda, Calif). Plasma total cholesterol and triglycerides were assessed with colorimetric assays (Wako, Richmond, Va). Plasma insulin and leptin, respectively, were determined with the Mercodia insulin ELISA assay and the mouse leptin EIA kit (ALPCO Diagnostics, Salem, NH).
In Vivo Blood Pressure Measurement
Mice were instrumented with telemetry transmitters to record arterial pressure and heart rate (PA-C20, Data Sciences, Saint Paul, Minn). Transmitters were implanted as described previously. 14 After 1 week of recovery from surgery, baseline data were recorded for 7 days before implantation of micro-osmotic pumps (ALZET, Cupertino, Calif; model 1007D, 0.5 L/h) to infuse leptin (10 g/d) 15, 16 subcutaneously. In a second set of mice, similar micro-osmotic pumps were implanted subcutaneously, in the PTP1B knockout mice only, to determine the cardiovascular consequences of insulin treatment (2 U/kg/d). 17 To avoid any drop in blood glucose, mice were supplemented with a 10% glucose solution in drinking water. 18 A different set of mice were used to determine the effects of a hypocaloric diet, which mimics the effects of leptin, on blood pressure. After 7 days of baseline blood pressure recording, mice were submitted to a 20% food restriction diet calculated from the average food intake during the baseline data collection period. Data were recorded throughout the infusion period. Mice were then euthanized, and tissues and plasma were collected for later analysis. In a different set of mice, the carotid artery and jugular vein were catheterized under isoflurane anesthesia (1.5%) for the measurement of mean arterial pressure (MAP) and drug delivery, respectively. To eliminate endogenous sympathetic vasomotor tone and baroreceptorreflex-mediated responses, animals were given the ganglionic blocker mecamylamine (2 mg/kg IV). Effective blockade was confirmed by the absence of reflex bradycardia after constrictor administration. Changes in MAP were determined after injection of randomized boluses of phenylephrine (0.01 to 1 mg/kg) and expressed as a percent of the baseline blood pressure. 19 
Cardiovascular Response to Stress
Whether PTP1B deletion affects the cardiovascular response to stress was determined with the cage-switch stress model that consists of measuring blood pressure variations by telemetry when a male mouse is placed in a cage previously occupied by another male mouse, as described previously. 14
Vascular Reactivity
Thoracic aortas from PTP1B knockout and Balb/c mice were dissected surgically and mounted on a wire myograph (DMT, Aarhus, Denmark) with 1g of basal tension. Briefly, 2 tungsten wires were inserted into the lumen of the arteries and fixed to a force transducer and a micrometer. Arteries were bathed in a physiological salt solution as described previously. 20 Arterial viability was determined with a potassium-rich solution (40 mmol/L). Vascular contractility was assessed with cumulative concentration-response curves to norepinephrine (1 pmol/L to 10 mol/L), phenylephrine (1 pmol/L to 10 mol/L), and serotonin (5-hydroxytryptamine [5HT]; 1 pmol/L to 10 mol/L). Concentration-response curves to phenylephrine were repeated in the presence of the nitric oxide (NO) synthase inhibitor N -nitro-L-arginine methyl ester (L-NAME; 100 mol/L, 20-minute incubation). Constriction to norepinephrine, phenylephrine, and 5HT was expressed as a percent of KCl-induced constriction. Endothelial function was assessed with concentration-response curves to acetylcholine, and the involvement of NO was determined by inhibition of endothelial NO synthase with L-NAME (100 mol/L, 20 minutes). Endothelium-independent relaxation was an- Data are presented as meanϮSEM. alyzed with a concentration-response curve to sodium nitroprusside (1 pmol/L to 10 mol/L). Relaxation curves were performed on preconstricted vessels (5HT 1 mol/L), and relaxation was expressed as a percent of the precontraction.
Relation Between Sympathetic Activity and Vascular Adrenergic Reactivity
A final set of mice were treated with the specific ␣ 1 -adrenergic receptor inhibitor prazosin (2 mg/kg/d IP) 21, 22 for 7 days, with or without leptin (10 g/d). 15, 16 Cardiovascular consequences of the sympathoinhibition were determined at the vascular level by assessment of vascular reactivity and the gene expression of the 3 subtypes of the ␣ 1 -adrenergic receptor by quantitative real-time reverse-transcription polymerase chain reaction (RT-PCR), as described below.
Histological Analysis
Mouse aortas were dissected under a microscope, fixed in formalin, and embedded in resin. Sections (10 m) stained with hematoxylin and eosin were observed under a microscope (Carl Zeiss AX10, Thronwood, NY), and the media cross-sectional area was calculated (AxioVision LE, AxioVs40).
Real-Time RT-PCR
Total aortic mRNA was extracted (Trizol Plus, Invitrogen, Carlsbad, Calif), purified with RNeasy spin columns, and eluted from the column in 30 L of DEPC-treated water, and the concentration was established with a NanoDrop 1000 (NanoDrop Technologies, Wilmington, Del). Complementary DNA was generated by RT-PCR with SuperScript III (Invitrogen) from 400 ng of total RNA using random hexamers. Reverse transcription was performed at 50°C for 50 minutes; the enzyme was heat inactivated at 85°C for 5 minutes, and real-time quantitative RT-PCR was performed with the SYBR-Green Supermix (Bio-Rad Laboratories, Hercules, Calif). The sequence of the primers used is presented in the Table of the online-only Data Supplement.
Statistical Analysis
All data are presented as meanϮSEM. Differences in means among groups for nonrepeated variables were compared by 1-way ANOVA. Differences in means among groups and treatments, with repeated variables, were compared by 2-or 3-way ANOVA with repeated measures, when appropriate. Bonferroni and Fisher least significant difference tests were used as the post hoc test (SigmaStat).
Results
Baseline Phenotypes
The effects of PTP1B deletion on the mouse phenotype were determined by measuring body weight, organ weight, and baseline plasma chemistry. As summarized in the Table, PTP1B deletion induced a slight increase in body weight but a 3-fold decrease in epididymal fat pad mass. Cardiac mass was similar when normalized for body weight. An increase in bone and muscle mass, respectively, triggered by the increased leptin and insulin sensitivity may explain the slight increase in body weight despite a decrease in fat content. As reported previously by Elchebly et al, 13 in the same mice, PTP1B deletion had no effect on the fasting plasma level of insulin or leptin and did not affect plasma concentrations of glucose, cholesterol, or triglycerides.
Measurement of Leptin Sensitivity
The effects of PTP1B deletion on metabolic leptin sensitivity were determined by measuring changes in body weight during a 7-day subcutaneous leptin infusion. As shown in Figure 1 , PTP1B knockout mice had a larger body weight reduction in response to leptin infusion than Balb/c mice (4.73Ϯ0.46% versus 6.93Ϯ0.57% for Balb/c versus PTP1B knockout mice, PϽ0.05).
Effects of PTP1B Deletion on Blood Pressure
The cardiovascular consequences of PTP1B deletion were first assessed by determining blood pressure in vivo via radiotelemetry. As shown in Figure 2A , the deletion of PTP1B resulted in a 20-mm Hg rise in baseline blood pressure (Balb/c 99.4Ϯ4.6 mm Hg versus PTP1B 120.4Ϯ3.1 mm Hg, PϽ0.05). Treatment with leptin resulted in a significant increase in blood pressure only in PTP1B knockout mice, with no change in blood pressure in Balb/c mice (Balb/c 100.3Ϯ1.5 mm Hg versus PTP1B 130.8Ϯ2.1 mm Hg, PϽ0.05). Treatment with insulin in PTP1B knockout mice under glucose supplementation did not affect MAP ( Figure 2C ), nor did it affect heart rate ( Figure 2D ) or nonfasted glycemia (glucose 153Ϯ8 mg/dL versus insulin plus glucose 162Ϯ10 mg/dL). To confirm that the lack of response to leptin observed in Balb/c mice was not masked by the reduction in blood pressure associated with body weight loss, we determined changes in blood pressure induced by a hypocaloric diet, which mimicked the effects of leptin. The reduction in food intake induced a similar drop in body weight in both Balb/c and PTP1B knockout mice (Balb/c Ϫ6.1Ϯ0.9% versus PTP1B Ϫ5.3Ϯ0.7%, PϭNS; Figure 2E ). As shown in Figure 2F , body weight reduction did not affect blood pressure in either Balb/c or PTP1B knockout mice (Balb/c 100Ϯ2 mm Hg versus PTP1B 118Ϯ2 mm Hg, PϽ0.05). As shown in Figure 2B , neither PTP1B deletion nor leptin treatment significantly affected heart rate in any group of mice.
Effects of PTP1B Deletion on Cardiovascular Response to Stress
To determine whether the effects of PTP1B deletion on arterial pressure were specific to leptin, male mice were switched to the cage of 1 of their congeners to measure the cardiovascular response to this territorial stress. Cage switch generated a 30-mm Hg increase in blood pressure in both Balb/c and PTP1B knockout mice ( Figure 3A ). The total pressor response was derived by calculating the integrated area under the curve, a value that was similar in both groups ( Figure 3B ).
Effects of PTP1B Deletion on Sympathetic Activity and Adrenergic Tone In Vivo
To assess the effects of PTP1B deletion on sympathetic activity and adrenergic sensitivity, mice were anesthetized and catheterized. An index of the sympathetic activity was obtained by determining decreases in blood pressure induced by ganglionic blockade. 23 As shown in Figure 4A , the drop in blood pressure induced by the ganglionic blocker mecamylamine was significantly greater in PTP1B knockout mice than in Balb/c (Balb/c Ϫ29Ϯ3% versus PTP1B Ϫ38Ϯ3%, PϽ0.05), which indicates greater sympathetic contribution to arterial pressure in PTP1B knockout mice. Parallel increases in sympathetic tone were observed in Balb/c mice treated with leptin, which suggests consistency of mechanism between leptin-treated and leptin-sensitized mice. No further increase in sympathetic tone was observed in PTP1B knockout mice under leptin treatment, which suggests a saturation of the sympathetic mechanism with deletion of PTP1B. Cumulative doses of phenylephrine were injected intravenously in mice under mecamylamine blockade to determine vascular adrenergic reactivity in vivo. As shown in Figure  4B , PTP1B deletion significantly blunted the rise in blood pressure induced by ␣ 1 -adrenergic receptor stimulation (maximum response 63Ϯ5 versus 50Ϯ4 mm Hg, nϾ5, PϽ0.05), which reflects decreased vascular adrenergic reactivity. A similar decrease in vascular adrenergic reactivity was noticed in the Balb/c mice treated with leptin, which links this hormone to the sympathetic overflow and reduced adrenergic reactivity (maximum response 63Ϯ5 versus 43Ϯ7 mm Hg, nϾ5, PϽ0.05). No further reduction in adrenergic sensitivity was observed in PTP1B knockout mice treated with leptin, consistent with saturation of sympathetic drive by the combination of excess leptin stimulation and excess leptin sensitivity.
Effects of PTP1B Deletion on Vascular Reactivity
To confirm whether the decreased response to phenylephrine observed in vivo reflects decreased adrenergic reactivity of the vasculature, vasoconstrictor reactivity of aortic rings was assessed in vitro on a wire myograph. As shown in Figure 5 , PTP1B deletion resulted in a decreased contraction to both norepinephrine ( Figure 5A ) and phenylephrine ( Figure 5B ). Specificity of this response to adrenergic stimulation was assessed by measuring the constriction induced by a depolarizing agent (KCl) and by 5HT, as well as with the relaxation induced by the exogenous NO donor sodium nitroprusside. As shown in Figure 5C , through 5E, PTP1B deletion did not affect the constriction induced by KCl or 5HT, nor did it affect the relaxation induced by sodium nitroprusside, which rules out generalized vascular smooth muscle cell dysfunction as an explanation for the changes in adrenergic sensitivity.
Effects of PTP1B Deletion on Vascular Structure
Because PTP1B has been reported to be involved in cell proliferation and migration, 24 architecture affect the generation of force, 26 we determined whether the deletion of PTP1B affects vascular structure. Analysis of aortic cross sections and measurement of media thickness and wall-to-lumen ratio indicated no significant difference in aortic structure between PTP1B knockout and Balb/c mice (online-only Data Supplement Figure I ).
Effects of PTP1B Deletion on Vascular Endothelium
Because endothelial NO modulates adrenergic constriction, 27 we examined endothelial function by 2 measures: (1) Relaxation induced by the endothelium-dependent vasodilator acetylcholine and (2) the effect of the endothelial NO synthase inhibitor, L-NAME, on acetylcholine and phenylephrine-induced constriction. Acetylcholine induced a similar relaxation of aortic rings in both PTP1B knockout and Balb/c mice. Similarly, L-NAME completely inhibited relaxation in both groups (online-only Data Supplement Figure II) , which indicates an NO dependency of this response. Furthermore, as shown in Figure IIB in the online-only Data Supplement, endothelial NO synthase inhibition had no effect on phenyleph-rine-induced contraction in either Balb/c or PTP1B knockout mice, which rules out endothelial involvement in the reduced adrenergic reactivity observed in PTP1B knockout mice.
Effects of PTP1B Deletion on Adrenergic Receptor Expression
To determine the origin of the reduced adrenergic reactivity observed in PTP1B knockout mice, gene expression of the 3 ␣ 1 -adrenergic receptor subtypes (␣ 1A , ␣ 1B , and ␣ 1D ) was measured by quantitative real-time RT-PCR in the aorta. As shown in Figure 6 , a significant decrease in gene expression of the 3 subtypes of adrenergic receptor was observed in the PTP1B knockout mice compared with Balb/c mice.
Effects of Sustained Treatment With Leptin on Vascular Function
Vascular effects of sustained leptin treatment were determined by analyzing the reactivity of the aorta taken from the leptin-treated mice. The 7-day leptin treatment had no effect on endothelial function, as reflected by the lack of change in acetylcholine-mediated relaxation ( Figure 7A ). However, leptin induced a significant reduction in phenylephrine-induced constriction in both the Balb/c and PTP1B knockout mice; the phenylephrine-induced constriction, already reduced in the PTP1B knockout mice, was further reduced ( Figure 7A ). As shown by the results of the quantitative real-time RT-PCR, the 7-day leptin treatment significantly reduced the expression of the 3 subunits of the ␣-adrenergic receptor only in the Balb/c mice. Leptin treatment did not further decrease gene expression of these receptor subunits in the PTP1B knockout mice ( Figure 6 ). These data indicate that stimulation with leptin and sensitizations to leptin alter vascular function by parallel mechanisms.
Effects of Sustained Treatment With Prazosin on Vascular Function
To determine the extent to which vascular adrenergic changes were caused by sympathoactivation, vascular reactivity and adrenergic receptor expression were assessed by analysis of the vascular reactivity of mice receiving sustained treatment with prazosin in the presence or absence of leptin. As reported in Figure 8A and 8B, ␣ 1 -adrenergic receptor inhibition completely blunted the adrenergic desensitization induced by leptin and restored adrenergic reactivity in PTP1B knockout mice. As evidenced by the results of real-time RT-PCR ( Figure 8C ), blockade of adrenergic receptors with prazosin restored vascular adrenergic reactivity by blunting the reduction in ␣ 1B -and ␣ 1D -adrenergic receptor gene expression induced by both leptin and PTP1B deletion.
Discussion
The goal of the present study was to determine the mechanisms by which leptin, independent of obesity, modulates cardiovascular function. The key findings are that (1) increasing leptin sensitivity by PTP1B deletion enhances MAP; (2) the deletion of PTP1B increases the autonomic and presumably sympathetic contribution to blood pressure; and (3) blood pressure responses to leptin-induced sympathoactivation are associated with reductions in adrenergic reactivity.
PTP1B, Leptin, and MAP
In the present study, we demonstrate for the first time that disruption of the PTP1B gene increases MAP, which supports the clinical association between PTP1B gene variants and systolic blood pressure. 28 More interestingly, the present study establishes a novel regulatory factor that moderates the relationship between blood pressure and leptin. Specifically, subcutaneous leptin infusion at a subpressor dose to raise plasma concentrations into physiological ranges (Balb/c 2.7Ϯ0.4 ng/mL versus PTP1B 3.3Ϯ0.5 ng/mL, PϭNS) failed to produce a pressor response in control Balb/c mice but produced a 20-mm Hg increase in pressure in mice lacking PTP1B. These data provide strong evidence that PTP1B, in addition to limiting the metabolic actions of leptin, also acts as a brake on the hemodynamic actions of leptin.
It is noteworthy in these studies that relatively high levels of leptin did not produce an increase in MAP in control mice. Although several studies reported a mild increase in blood pressure with either an intracerebroventricular leptin infusion (4.1 mm Hg) 11, 29 or a subcutaneous leptin infusion (7 mm Hg), 6, 30 others reported no change in blood pressure 7, 29 despite an up to 50-fold increase in plasma leptin. 7 A potential explanation for this observation is the report that body weight reduction reduces blood pressure. 31 To test this hypothesis, blood pressure was determined during a 20% calorie restriction, which mimicked the effects of leptin on body weight. Contrary to the data reported by Correia et al 29 and Williams et al, 31 the body weight reduction induced by the hypocaloric diet was not associated with changes in blood pressure, which rules out this hypothesis as an explanation of the lack of response to leptin.
Finally, we observed that baseline blood pressure was also increased in PTP1B knockout mice compared with controls. Although it is tempting to speculate that deletion of PTP1B causes a leptin-mediated hypertension at baseline, caution is warranted, because PTP1B may affect other prohypertensive pathways. Although a role of PTP1B in leptin-mediated hypertension is clear, further studies are needed to determine the mechanisms of baseline hypertension in PTP1B knockout mice.
PTP1B, Leptin, and the Sympathetic Nervous System
The deletion of PTP1B not only increased blood pressure but, as indicated by the greater pressure drop during ganglionic blockade, also resulted in an increased contribution of the autonomic nervous system in blood pressure regulation, which was presumably the consequence of a greater sympathetic tone. The ability of leptin to induce sympathetic overdrive was confirmed by the exaggeration of the mecamylamine-induced drop in blood pressure after leptin infusion in control mice. These results are in accordance with several studies that established a clear relationship between leptin concentration and sympathetic activity, 7, 11, 12, 32, 33 and thus, the increased sympathetic tone observed in the PTP1B knockout mice might provide an explanation for the elevated blood pressure. Moreover, the deletion of PTP1B has an element of specificity in its prohypertensive effects: Sympathetically mediated increases in blood pressure via behavioral stress are similar with and without PTP1B; however, PTP1B may act via leptin-independent mechanisms to increase sympathetic nerve activity. Indeed, PTP1B deletion results not only in increased leptin sensitivity but also in enhanced insulin sensitivity. 13 Although the effects of insulin on blood pressure have been largely disregarded, 17 other data support its role in sympathetic control. 34 It is possible, therefore, that PTP1B-induced increased insulin sensitivity might account for at least part of the observed increase in the sympathetic control of arterial pressure. Nevertheless, the lack of change in MAP, heart rate ( Figure 2C and 2D 
Vascular Adaptation to Chronic Sympathetic Overdrive
Although many studies of obesity-induced hypertension have documented increased sympathoactivation and posited this as a mechanism of increased blood pressure, the literature is confounded by examples of sympathoactivation without hypertension. The missing piece of the puzzle to date has been how the vasculature adapts to chronic sympathetic activity. Through in vivo injection of phenylephrine ( Figure 4 ) and ex vivo analysis of aortic ring reactivity ( Figure 5 ), we determined that PTP1B deletion blunted increases in blood pressure and vasoconstriction in response to phenylephrine stimulation. Similar results were also observed in leptin-treated Balb/c mice, which indicates that the adrenergic desensitization is attributable to leptin and its associated sympathoactivation and which suggests that the reduced vascular adrenergic reactivity is the consequence of the leptininduced sympathetic overflow. This was further supported by data from mice treated with prazosin, which blunted the adrenergic desensitization induced by both leptin and the deletion of PTP1B. Moreover, it suggests that downregulation of adrenergic receptors may be a protective counterregulation, because leptin-treated Balb/c mice did not exhibit elevated blood pressure despite increased sympathetic tone. Indeed, rodent models of obesity with relatively mild blood pressure increases show reduced adrenergic reactivity in the splanchnic circulation, consistent with the concept of adrenergic desensitization in the context of obesityinduced sympathoactivation. 20, 35 Finally, we have demonstrated that under leptin treatment, PTP1B knockout mice develop an increased blood pressure with no further changes in adrenergic sensitivity. These data suggest that it is possible to saturate the ability to desensitize adrenergic reactivity, and the inability to further decrease adrenergic reactivity in response to sympathetic overdrive might result in a rise in blood pressure. More importantly, these data suggest that the failure to desensitize adrenergic reactivity under conditions of sympathoactivation, such as obesity, may indeed be a major factor in determining whether frank hypertension develops.
Potential Mechanisms for Adrenergic Desensitization
Although increased sympathetic activity leads to ␣-adrenergic desensitization, 36, 37 the mechanisms involved in this desensi-tization remain largely unknown. Because of the stimulatory effects of leptin on endothelial NO synthase activity 38, 39 and the protective effects of PTP1B deletion on flow-mediated dilation, 40 we speculated that the adrenergic desensitization observed in PTP1B knockout mice could be due to improved endothelial function. Both acetylcholine-mediated relaxation curves and phenylephrine-induced constriction curves, performed in the presence of L-NAME, ruled out this hypothesis. Furthermore, both the morphological analysis of the vessel structure and vascular responses to KCl, 5HT, and sodium nitroprusside refuted any smooth muscle cell dysfunction and demonstrated that PTP1B deletion specifically targeted the ␣ 1 -adrenergic receptor signaling pathway. In further support of this specificity, quantification of ␣ 1adrenergic receptor gene expression by real-time RT-PCR demonstrated that PTP1B deletion significantly reduced the expression of the 3 ␣ 1 -adrenergic receptor subtypes in the aorta and that leptin treatment had similar effects. This clearly suggests that the adrenergic desensitization induced by an increase in leptin sensitivity or in leptin concentration is the result of decreased ␣ 1 -adrenergic receptor expression. The most relevant receptor subtype is the ␣ 1D -receptor, because although all receptors were downregulated with leptin/ PTP1B-induced sympathoactivation, blockade of leptinmediated actions by prasozin restored only the ␣ 1D -receptor and completely restored vasoconstrictor reactivity. In summary, by genetic disruption of PTP1B in lean mice, we have been able to identify PTP1B as a new modulator of blood pressure through its ability to regulate sympathetic tone and adrenergic reactivity. Through the experiments performed with subcutaneous leptin infusion in a physiological range, we clearly established a role for leptin in the regulation of blood pressure, a role suggested by several authors but never clearly demonstrated. Finally, the present data suggest that adrenergic desensitization may be a protective mechanism against hypertension, with a failure to properly desensitize the adrenergic signaling pathway leading to the development of hypertension.
CLINICAL PERSPECTIVE
Protein tyrosine phosphatase 1B (PTP1B) controls insulin and leptin sensitivity through its ability to directly inactivate catalytically phosphorylated tyrosines. Because deletion of PTP1B has been reported to improve insulin and leptin sensitivity and to protect rodents against the development of obesity and type II diabetes mellitus, PTP1B inhibitors are under development to treat metabolic disorders. The present study analyzed the cardiovascular function of PTP1B knockout mice and reports that PTP1B deletion increased sympathetic tone and enhanced mean arterial pressure, which highlights the possible deleterious consequences of global PTP1B inhibitors in obese patients with type II diabetes mellitus, who are already prone to the development of hypertension. This study further reports that the control mice (Balb/c mice) did not develop an increase in blood pressure in response to leptin infusion despite an increased sympathetic tone. The significant decreased vascular adrenergic reactivity reported both in vivo and ex vivo (isolated artery) and supported by the reduction in vascular ␣ 1 -adrenergic receptor expression suggests that adrenergic desensitization, in response to sympathetic overdrive, may be a protective mechanism against the development of hypertension. Taken together, these data suggest that caution is warranted in the consideration of PTP1B inhibitors as antidiabetic drugs and further suggest that mechanisms that interfere with adrenergic desensitization may contribute to the hypertension observed in obese individuals with high levels of leptin.
